Introduction
Spinocerebellar ataxia type 1 (SCA1) is a fatal, progressive neurological disorder caused by the expansion of an unstable CAG trinucleotide repeat tract in ATXN1 (Orr et al., 1993) . Upon translation, the gene product, ataxin-1 (ATXN1), harbors an expanded glutamine tract, placing SCA1 into the group of autosomal-dominant, polyglutamine-induced neurodegenerative diseases. Clinical symptoms include ataxia, loss of coordination of voluntary movements, and dysarthria (Orr and Zoghbi, 2007) .
In transgenic ATXN1 mice, Purkinje cell (PC) dysfunction, rather than cell death, leads to disease onset and early progression (Burright et al., 1995; Clark et al., 1997; Zu et al., 2004) . Mice overexpressing expanded ATXN1[82Q] exhibit abnormal motor behavior by ϳ6 weeks of age that is accompanied by mild PC pathology but no neuronal loss. Overt neuronal death does not begin until ϳ24 weeks of age, well after mice are neurologically compromised (Burright et al., 1995; Clark et al., 1997; Zu et al., 2004) . In these mice, genes involved in cell signal transduction and Ca 2ϩ homeostasis (Lin et al., 2000) , as well as glutamate signaling (Serra et al., 2004) , are downregulated before pathological alterations. Mutant ATXN1 thus affects pathways involved in maintaining normal PC physiology before neuropathological changes occur.
Little is known about the functional status of PCs and the cerebellar cortical circuitry in affected animals. One study examined Ca 2ϩ dynamics and electrophysiological properties of PCs from adult (3-7 months of age) ATXN1[82Q] mice in slice preparations (Inoue et al., 2001) . Excepting a delay in PC firing resulting from an increased A-type potassium current, after adjustment for neuronal volume the basic electrophysiological properties of mutant PCs were found to be essentially intact, including the responses to climbing fiber (CF) and parallel fiber (PF) input (Palay and ChanPalay, 1974) . A more recent study identified reduced intrinsic PC simple spike firing in presymptomatic ATXN1[82Q] mice attributable to increased A-type potassium currents (Hourez et al., 2011) . The former study ultimately suggested the need to examine the functioning of the intact cerebellar circuitry in ATXN1 mice; however, neither systematically evaluated the CF-PC circuit.
Toward that end, we used flavoprotein autofluorescence optical imaging and field potential (FP) recordings in vivo to test the hypotheses that there are alterations in the CF-PC and PF-PC circuitry in early-stage (6-week-old) and mid-stage (12-week-old) disease mice before gross PC pathology and death. By our methods, ATXN1[82Q] preferentially affects the CF-PC synapse early in the disease process at 6 weeks of age, while significant changes in PF-PC synaptic transmission were not detected until ϳ40 weeks of age (late-stage disease). Functional and morphological measures reveal abnormalities in the CF-PC circuit that are dependent on ATXN1[82Q] expression and entrance into the nucleus of PCs, as mice that express ATXN1[82Q] that cannot enter the nucleus (ATXN1[82Q]-K772T ) (Klement et al., 1998) are unaffected. Moreover, the deficits in CF-PC synaptic transmission required mutant ATXN1 expression during early postnatal development. Finally, these results indicate that alterations in the CF-PC circuitry are a critical component of the early motoric deficits observed in ATXN1[82Q] mice.
Materials and Methods

Animals.
The following six different mouse lines of either sex were studied: (1) ATXN1[82Q] (line B05) (Burright et al., 1995) ; (2) (Zu et al., 2004) ; (3) wild-type (WT)/ FVB (Charles River Laboratories); (4) ATXN1[30Q] (line A02) (Burright et al., 1995) ; (5) ATXN1[82Q]-K772T (Klement et al., 1998) ; and (6) Atxn1-null mice (Atxn1 Ϫ/Ϫ ) (Matilla et al., 1998) . When discussed jointly, both ATXN1 [82Q] and ATXN1[82Q] Cd mice will be referred to as ATXN1[82Q]-expressing mice. By both behavioral and histological analyses, only ATXN1[82Q]-expressing mice are affected and show similar time courses and severity of pathological alterations, developing motoric deficits and PC pathology beginning at ϳ6 weeks of age and progressing to ataxia by home-cage behavior and cell death after ϳ24 weeks (Burright et al., 1995; Clark et al., 1997; Zu et al., 2004) . Mice overexpressing unexpanded ATXN1 [30Q] serve as an overexpression control and exhibit only subtle behavioral and morphological deficits (Burright et al., 1995; Clark et al., 1997) 
, while ATXN1[82Q]-K772T
animals that express expanded ATXN1[82Q] that cannot enter the nucleus are unaffected (Klement et al., 1998) . Finally, Atxn1 Ϫ/Ϫ mice show no cerebellar deficits (Matilla et al., 1998) .
Animal preparation. All animal experimentation was approved by the Institutional Animal Care and Use Committee of the University of Minnesota and was conducted in accordance with the National Institutes of Health Principles of Laboratory Animal Care (86 -23, revised 1985) and the American Physiological Society Guiding Principles in the Use of Animals. Optical imaging and electrophysiology experiments were performed in anesthetized adult mice of either sex in vivo. Experimental details of the anesthetized animal preparation and optical imaging techniques have been previously reported (Reinert et al., 2004; Gao et al., 2006) and briefly described here. Mice were first anesthetized by intramuscular injection of acepromazine (0.1 mg/g) and by intraperitoneal injection of urethane (2 mg/g). Animals were mechanically ventilated and placed in a stereotaxic frame. Body temperature was regulated by feedback control with a rectal thermometer probe connected to a heating blanket. Depth of anesthesia was monitored throughout the experiment by electrocardiogram and was adjusted as necessary with supplemental doses of urethane. A craniotomy exposed a portion of the left cerebellar hemisphere that typically included Crus I, II, paramedian lobule, and lobulus simplex. The soft tissue and dura covering the caudal medulla were then removed to expose the dorsal surface of the brainstem to allow for placement of a stimulating electrode into the inferior olivary complex. Following the duratomy, a watertight chamber was created to encompass all areas of the exposed brain and was filled with Ringer's solution gassed with 95% O 2 and 5% CO 2 .
Optical imaging. Following placement onto an x-y stage mounted on a modified Nikon epifluorescence microscope fitted with a 4ϫ objective, images of the exposed cerebellar cortex were acquired with a Quantix cooled charge-coupled device camera with 12 bit digitization (Roper Scientific). Images were then binned 2 ϫ 2 to produce a final resolution of 256 ϫ 256 (ϳ10 ϫ 10 m per pixel). The light source consisted of a 100 W xenon-mercury lamp (Hamamatsu Photonics) with a DC controlled power supply (Opti Quip). A bandpass excitation filter (455 Ϯ 35 nm), an extended reflectance dichroic mirror (500 nm), and a Ͼ515 nm long-pass emission filter were used for imaging flavoprotein autofluorescence (Reinert et al., 2004 (Stosiek et al., 2003; Sullivan et al., 2005; Gao et al., 2006) . A glass micropipette with resistance of 1-5 M⍀ was filled with the dye solution and penetrated the cerebellar cortex to a depth of ϳ300 -400 m. Individual dye injections were made over 2 s at 100 kPa. Approximately 15 separate locations were chosen to uniformly stain the entire folium. After a 30 min incubation period, the response to cerebellar cortical surface stimulation was tested using a custom Ca 2ϩ filter set that excluded most of the autofluorescence signal (excitation filter at 490 -510 nm, a long-pass dichroic mirror of 515 nm, and an emission filter at 520 -530 nm).
PF stimulation was accomplished by lowering a tungsten microelectrode (1-3 M⍀) until it touched the surface of the cerebellum. An applied stimulus (100 pulses delivered at 10 or 100 Hz, 200 A, 100 s) consistently evoked a characteristic transverse beam-like response. During experiments in which the contralateral inferior olive (CIO) was stimulated, the integrity of the PF-PC circuit was tested by PF stimulation, requiring an optical response of ϳ1-2% change in fluorescence relative to the average of the control frames (⌬F/F) and an intact FP before stereotaxically inserting a tungsten microelectrode into the right inferior olive. The CIO electrode was lowered 1.4 mm into the brainstem from the dorsal surface near the obex to establish the first stimulation site. Subsequent test sites were each 200 m lower to a total depth of 2.0 mm. Stimulations at 10 Hz for 10 s (100 s pulse width, 200 A) were done in quadruplicate at each depth. Optical responses were simultaneously recorded in the left cerebellar hemisphere.
Optical imaging data analysis. Each series, regardless of the circuitry being examined, consisted of 110 frames, each of 200 ms duration. PF or CIO stimulation was initiated after a ϳ13-15 frame control period. The 10 frames that preceded stimulation onset were averaged and served as the control average. The control average was subtracted from each individual frame. Each difference image was divided by the control average, resulting in a series of images that reflected the ⌬F/F.
Analysis of the optical responses was based on selecting a region of interest. For PF stimulation, the on-beam region of interest was generally ϳ10 -20 pixels wide and typically spanned the length of the folium (Reinert et al., 2004; Gao et al., 2006; Wang et al., 2009 ). For CIO-evoked band-like responses, the regions of interest were circles with areas of 137 pixels (ϳ13,700 m 2 ) centered at the tip of the glass recording electrode from the medial-most parasagittal optical band. To generate a temporal profile of the fluorescence response within a region of interest, the ⌬F/F in each frame were smoothed using a 5 point moving average. To quantify the PF-mediated responses, nine and five values centered about the peak ⌬F/F were averaged for 10 and 100 Hz stimulation, respectively. Nine frames centered about the peak ⌬F/F for each ROI within the medial band were averaged and used to quantify the CIO-evoked response.
Pseudocolored images obtained from PF stimulation were produced by first averaging the optical responses from three separate simulations, then by averaging nine frames centered on the peak ⌬F/F. For CIOevoked responses, the stimulation depth that elicited the optical response of greatest intensity for a single mouse was used to generate an optical stack average based on four separate stimulations. To generate a single composite response for each individual genotype, the responses for each mouse within a genotype were averaged. Pseudocolored images for the composite responses were created by averaging nine frames at the peak ⌬F/F. Based on coordinates determined during stimulation, only sites within the medial band were used for quantification. The medial band was exclusively used due to its large area, robust response, and reliability of being evoked. It was defined as the region in Crus II that extended ϳ1100 m from the vermis-hemisphere boundary. Using these measures of response, cerebellar cortical activity elicited by separate stimulation of the PF-PC and CF-PC circuitry was compared in WT/FVB, Atxn1
Electrophysiology. Following identification of the active regions by optical imaging, conventional extracellular electrophysiological techniques with glass recording microelectrodes (2 M NaCl, 2-5 M⍀) were used to record FPs (Eccles et al., 1966a,b; Reinert et al., 2004; Wang et al., 2009) . Optical imaging results were used to guide placement of the electrode. For both PF-and CIO-evoked FPs, a total of 16 pulses were delivered at 1 Hz for each individual recording site and were subsequently averaged. For PF stimulation, the recording microelectrode was placed on the cortical surface in the region of the evoked beam with the largest optical response to monitor the characteristic P 1 -N 1 -P 2 -N 2 FP (Eccles et al., 1966a) . Recording sites were located ϳ500 -1000 m from the stimulating electrode in all mice. On average, seven discrete on-beam sites were recorded per mouse to obtain a robust measure of the PF-mediated response. During CIO stimulation, FPs were recorded from the medial band. For the reasons stated above, only responses within the medial band were examined. Recording positions were selected to provide uniform coverage of this area. Activation of the CF-PC circuitry by CIO stimulation produced a biphasic, negative-positive potential recorded on the cortical surface that typically reversed at greater depths (Eccles et al., 1966b; Ekerot et al., 1991) . Electrodes were lowered through the molecular layer with evoked signals recorded every ϳ100 m. Following completion of the stimulation protocol, marking lesions were created at the tip of the electrode in the CIO by passing 100 A of direct current three times for 1 s per pulse. Though lesion attempts were always made, they were not always found. Animals were perfused, and whole brains were harvested and processed as described below.
Analysis of electrophysiological signals. Spike2 (CED) software was used to record FPs. For PF-evoked responses, P 1 -N 1 and P 2 -N 2 values were determined and used as a measure of presynaptic and postsynaptic responses, respectively (Eccles et al., 1966a) . Both components were normalized to those of 12-week-old FVB animals. Processing of CF-evoked electrophysiological responses was accomplished in several steps. The recording depth with the largest initial negativity (CF-N 1 ) was quantified as the peak value of the trough relative to baseline and was used for comparison between animals. Responses for every animal were normalized to the average CF-N 1 value in 12-week-old FVB mice.
Histology. Animals were transcardially perfused with PBS, pH 7.4, until the fluid discharged was clear, at which point 4% formalin was used. The entire brain was removed and postfixed in 4% formalin overnight at room temperature, and was later transferred to PBS and placed at 4°C. Tissue was dehydrated in 30% sucrose for ϳ48 h before sectioning for lesioned brains. Using a freezing microtome, whole brains were cryostatically sectioned into 40-m-thick coronal slices for identification of CIO lesions. Nissl staining was used to visualize lesions. Images of lesioned sections were captured by SPOT software (Diagnostic Instruments) under 4ϫ and 10ϫ magnification on a standard light microscope.
Immunostaining. Following perfusion, 50 m sagittal sections were cut from cerebella on a vibratome and stained as previously described (Duvick et al., 2010) . Briefly, sections were incubated in 2% normal donkey serum and 0.3% Triton X-100 in 1ϫ PBS for 1 h. Blocked slices were then incubated for 48 h at 4°C in blocking solution containing primary antibodies, goat calbindin antibody (SC-7691, Santa Cruz Biotechnology) at 1:500 and mouse vesicular glutamate transporter type 2 (VGLUT2) antibody (MAB5504, Millipore) at 1:1000. Following four washes in 1ϫ PBS, sections were exposed to secondary antibodies in blocking solution for 48 h at 4°C. Donkey secondary Cy2 and Cy5 were applied at 1:500 (Jackson Immunoresearch). Finally, sections were rinsed four times in 1ϫ PBS and mounted onto slides with glycerol-gelatin (Sigma) containing 4 mg/ml n-propyl gallate. Fluorescently labeled sections were imaged using an Olympus Fluoview 1000 IX2 inverted microscope.
Quantification of molecular layer thickness and CF innervation distance. To assess the thickness of the molecular layer and the distance along the PC dendrite that a CF ascends, 20ϫ images were measured using Fluoview Viewer 1.7 software (Olympus). The thickness of the molecular layer was taken from the primary fissure and was calculated as the distance from the base of the PC soma to the tip of the dendritic arbor near the pial surface, as previously done (Zu et al., 2004; Duvick et al., 2010) . The maximal extent along which CFs contacted the PC dendritic arbor from the base of the PC soma was calculated relative to the thickness of the molecular layer (Duvick et al., 2010) . Six measurements per section from three sections taken from three animals per genotype were used for both measurements, resulting in a comparison of 54 individual measurements from three animals for each genotype.
Conditional ATXN1 (Zu et al., 2004; Serra et al., 2006) , doxycycline was first dissolved in 1.5 ml of sterilized water to a final concentration of 257 mg/ml, frozen, and stored at Ϫ80°C. Three aliquots of doxycycline were added to 400 ml of 20% sucrose in deionized water to bring the final concentration of doxycycline to 2 mg/ml. Solutions were made fresh and were changed twice per week. Bottles were covered in aluminum foil to reduce exposure to light, and thus limit decomposition of doxycycline. Perinatal administration began at birth (P0) by providing the mother with the solution. Upon weaning (P21), each cage of treated animals received a bottle containing the doxycycline solution. Treatment lasted through the fifth postnatal week of life (P35). At the end of the treatment period, the drinking solution was changed back to water.
Gene expression analysis-Northern blotting. Expression of the Pcp2/ tTA-ATXN1[82Q] transgene was tested in two groups of animals, and testing was performed as previously described (Zu et al., 2004) . The first group was used to determine whether doxycycline treatment prevented transgene expression and consisted of two animals that were killed at the end of treatment (P35). The second group contained two animals that had undergone treatment but survived for 1 week after the transgene was turned on. Upon removal of the whole brain, tissue was snap-frozen in liquid N 2 and stored at Ϫ80°C until processing. RNA was isolated from one half of each homogenized mouse cerebellum using Trizol reagent (Invitrogen) according to the manufacturer's protocol. RNA was loaded onto an agarose gel and electrophoresed in the presence of glyoxal. After transferring to a nylon membrane, the RNA was probed using an ATXN1 cDNA. Blots were subsequently probed using a GAPDH cDNA probe to control for total amounts of RNA loaded per well.
Statistical analysis. Statistical analyses using a standard one-way ANOVA or a within-subjects ANOVA followed by a Bonferroni post hoc analysis were performed to determine whether there were any significant differences in the PF-mediated signal, CIO-evoked responses, molecular layer thickness, and CF innervation distance between transgenic animals, and between transgenic and WT/FVB mice. The degrees of freedom for the standard ANOVA include the first value based on the number of genotypes ( N), and the second value determined by both N and the total number of observations (n) reported as F(N Ϫ 1, n Ϫ N ). The withinsubjects ANOVA was used whenever multiple observations occurred within every animal in a given analysis and permitted for a more robust comparison between genotypes for any given measurement, as it takes into account variability within and between genotypes. The degrees of freedom for the within-subjects ANOVA (subject nested within genotype) are reported with the first factor being the number of genotypes (N Ϫ 1) and the second factor calculated by subtracting the number of genotypes from the total number of subjects ( T), resulting in F(N Ϫ 1, T Ϫ N ). Corrected p values were based on the number of genotypes compared for each statistical analysis and were used for each dataset. All data are reported as the mean Ϯ SEM.
Results
Altered CF terminal localization in 12-week-old ATXN1[82Q] mice
Previously, we showed abnormal CF terminal placement along the PC dendritic arbor in symptomatic 12-week-old ATXN1[82Q] mice (Duvick et al., 2010 (Fig. 1 A) . In each unaffected line, VGLUT2-positive puncta were spaced regularly along the primary and secondary portions of the highly branched PC dendritic arbor, projecting ϳ80% of the entire distance of the molecular layer (Fig. 1 A) . In affected ATXN1[82Q] mice, however, CF terminals showed a significant decrement in the innervation distance, projecting along 72% of the thickness of the molecular layer (F (4,10) ϭ 24.84,
mice compared with other genotypes) (Fig. 1C) . Thinning of the molecular layer, a sign of neuropathology in ATXN1 mice (Zu et al., 2004; Serra et al., 2006; Duvick et al., 2010) (Fig. 1 B) . Thus, by two morphological measures, the most severe pathology was observed in symptomatic ATXN1[82Q] mice.
Abnormal CF-PC synaptic transmission in 6-and 12-week-old ATXN1[82Q] mice Although we previously described a reduction in the CF extension in the molecular layer (Duvick et al., 2010) , the functional status of the CF-PC circuitry was not assessed. To determine the efficacy of the CF-PC and PF-PC circuitry in early and midstages of the disease state, before overt neuropathological changes, we used two physiological measures. Changes in flavoprotein autofluorescence evoked by CIO or PF stimulation are primarily due to activation of postsynaptic targets (Reinert et al., 2004; Gao et al., 2006; Reinert, 2006) . The response consists of a rapid increase in fluorescence (i.e., the "light phase") resulting from the oxidation of mitochondrial flavoproteins and is followed by a longer-duration decrease in fluorescence that is caused by their subsequent reduction (Reinert et al., 2004 (Reinert et al., , 2007 . This study focused on the light phase because it mostly reflects the activation of PCs.
We first examined 12-week-old animals to determine the functional status of the CF-PC circuit in mid-stage disease. Stimulation of the CIO produced intense, well defined parasagittal bands of flavoprotein autofluorescence in the cerebellar cortex of
12-week-old WT/FVB, ATXN1[30Q], ATXN1[82Q]-K772T, and Atxn1
Ϫ/Ϫ mice, as expected for the well defined geometry of CF projections in mice (Voogd and Glickstein, 1998; Sugihara et al., 2001; Sugihara and Shinoda, 2004; Sugihara, 2006; Sugihara and Quy, 2007) (Fig. 2 A) (data not shown). The single animal (Fig.  2 A, top and middle rows) and compilation images for each genotype (Fig. 2 A, bottom row) demonstrate that the spatial pattern of activity evoked by CIO stimulation was highly reproducible and geometrically similar in all animals. Moreover, the composite optical response from each genotype illustrated that the medial band was the most commonly elicited and most intense of all bands. Although a similar pattern of activity was evoked in 12-week-old ATXN1[82Q] mice, the amplitude was greatly reduced (Fig. 2 A) . Temporal profiles of the optical response demonstrated sustained activity for the duration of stimulation in all control animals, but the amplitude was again markedly reduced in ATXN1[82Q] mice (Fig. 2 B) .
We next reasoned that for any functional alterations to underlie behavioral abnormalities in affected mice, they will necessarily present either before or nearly simultaneously with the onset of motor symptoms. Thus, we examined 6-week-old ATXN1 [82Q] animals, an age when a mild rotarod deficit first becomes detectable (Clark et al., 1997) . The CIO-induced response in those animals was nearly indistinguishable from that in 12-week ATXN1[82Q] mice (Fig. 2 A) , indicating reduced PC responsiveness to CF input. Evoked responses in 6-week-old FVB mice were normal and were qualitatively similar to those of 12-week-old WT/FVB mice (data not shown).
The optical responses to CIO stimulation were quantified for the medial band in Crus II (see Materials and Methods). The responses to CIO stimulation demonstrated a significant genotype effect (F (6,282) ϭ 46.28, p Ͻ 0.0001) (Fig. 2 D) . The response amplitude was weakest in affected 6-and 12-week-old ATXN1[82Q] mice (p Ͻ 0.007 for all Bonferroni post hoc comparisons to all other genotypes; corrected ␣ ϭ 0.007), but there was no difference between 6-and 12-week-old ATXN1[82Q] mice (p Ͼ 0.007) (Fig. 2 D) . The response intensity was significantly greater in all control animals compared with ATXN1[82Q] mice, although there were differences among them. The response amplitude was greatest in 6-and 12-week-old WT/FVB and 12-week-old Atxn1 Ϫ/Ϫ and ATXN1[82Q]-K772T mice (p Ͼ 0.007 for all Bonferroni post hoc comparisons), and was followed in intensity by ATXN1[30Q] animals (p Ͻ 0.007 for all Bonferroni post hoc comparisons with other control animals) (Fig. 2 D) .
Because the autofluorescence response is downstream of neuronal activity (Reinert et al., 2007) , we also examined the response to CIO stimulation using Ca 2ϩ imaging and electrophysiology. Similar spatial patterns were obtained in 12-weekold WT/FVB and ATXN1[82Q] Cd mice by Ca 2ϩ imaging (Fig. 3) . Guided by the optical responses, the FPs evoked by CIO stimulation were recorded throughout the medial band at different depths, from the surface to a final depth of ϳ400 -500 m, in ϳ100 m steps. The depth at which CF-N 1 was maximal was used for quantitative comparisons, as this component reflects the initial activation of PCs by CFs (Eccles et al., 1966b) . Although the characteristic negative-positive potential was observed in all animals, there were fundamental differences in the waveform between genotypes (Fig. 2C) . Whereas the waveforms were similar in the nonataxic mice, regardless of age, there was a reduction in the amplitude of CF-N 1 as well as the later components in ataxic ATXN1[82Q] animals at both 6 and 12 weeks of age ( Ϫ/Ϫ animals (p Ͼ 0.36 for Bonferroni post hoc comparisons among the three genotypes), the CF-N 1 amplitudes in 6-and 12-week-old ATXN1[82] mice were indistinguishable and were the most severely diminished to ϳ30 -40% that of WT/FVB animals (p ϭ 0.09 for 6-vs 12-week-old ATXN1[82Q] mice, and p Ͻ 0.004 for Bonferroni post hoc comparisons with all other genotypes; corrected ␣ ϭ 0.007) (Fig. 2 E) .
When possible, lesions were used to mark stimulation sites in the CIO. No systematic differences were found in electrode placement between genotypes (data not shown). Although the stimulation occurred throughout the CIO complex in both the rostrocaudal and mediolateral extents, the data were consistent with the anatomical projections of CIO neurons to Crus I and II and paramedian lobule in mice, including the principle olive, dorsomedial cell group, and subnuclei of the medial nucleus (Sugihara and Quy, 2007) .
Expression of the ATXN1 transgene is driven by the Pcp2 regulatory region, which drives expression of endogenous Pcp2 specifically in PCs in the cerebellum but not in the inferior olive (Lein et al., 2007) . We verified by immunofluorescent detection that ATXN1[82Q] expression was restricted to PCs (data not shown). Also, GFP was not detected in the inferior olive in Pcp2-GFP mice. Therefore, it is highly unlikely that mutant ATXN1 was expressed in the inferior olive and that the deficits reflect altered physiology of inferior olivary neurons.
Together, the findings lead to four conclusions. First, expression of the expanded form of ATXN1 had the most detrimental impact on the CF-PC circuit, as affected ATXN1[82Q] mice demonstrated the smallest responses to CIO stimulation. Both the Ca 2ϩ imaging and the FPs establish that the decreased flavoprotein responses reflect abnormal CF activation of PCs rather than downstream alterations of the flavoprotein signal. Second, loss of Atxn1 function did not drastically alter CF-PC synaptic transmission, as the optical response was indistinguishable from WT/FVB animals and the FP was reduced only minimally in Atxn1 Ϫ/Ϫ mice. Third, mutant ATXN1 had to enter the nucleus to alter CF-PC synapses, which is consistent with previous results (Klement et al., 1998) . Last, although overexpression of the nonpathogenic ATXN1[30Q] transgene affected the efficacy CF-PC synaptic transmission, the impact was considerably less severe than that of mutant ATXN1. (Fig. 4 A) . Similar responses were obtained in 6-week-old WT/FVB and ATXN1 [82Q] mice as well as all other 12-week-old control animals (data not shown). Qualitatively, the responses had several common characteristics. First, the evoked beams spanned the folium from the electrode tip to the lateral most exposed portion of the cortex in the transverse plane and extended ϳ200 m parasagittally (Fig.  4 A) . Second, following stimulation onset, the light phase was rapidly evoked and maintained throughout the duration of stimulation for both low-and high-frequency stimuli (10 and 100 Hz, respectively) in all mice (Fig. 4 B) (100 Hz data not shown). Although high-frequency stimulation consistently elicited largeramplitude responses than did low-frequency stimulation, peak changes in fluorescence were quantitatively indistinguishable between all genotypes under all baseline conditions (10 Hz: F (6,175) ϭ 0.31, p ϭ 0.93; 100 Hz: F (6,122) ϭ 0.41, p ϭ 0.87) (Fig.  4 D) (data not shown) .
Responses to PF stimulation are unaltered in 6-and 12-weekold ATXN1[82Q] mice
The efficacy of PF-PC synaptic transmission was examined electrophysiologically by recording PF-mediated FPs. The characteristic P 1 -N 1 -P 2 -N 2 PF response to PF stimulation was observed in all genotypes, and the example traces are qualitatively similar (Fig. 4C) (data not shown) . Both the presynaptic P 1 -N 1 and postsynaptic P 2 -N 2 responses were indistinguishable in all mice examined (F (6,198) ϭ 0.63, p ϭ 0.71 and F (6, 198) ϭ 1.24, p ϭ 0.31, respectively) (Fig. 4 E and data not shown) . The results demonstrate that the basic properties of PF-PC synaptic transmission were unaltered in control and ATXN1[82Q] mice through 12 weeks of age. Importantly, the autofluorescence flavoprotein response is sufficiently sensitive to detect modest abnormalities in PF-PC synaptic transmission in the tottering mouse (Chen et al., 2009), as found previously using traditional electrophysiological techniques (Matsushita et al., 2002) .
Efficacy of PF-PC synaptic transmission declines in aged ATXN1[82Q] mice
Reasoning that progressive PC pathology and neuronal loss in aged mice should eventually result in decreased PF-PC synaptic transmission, we assessed whether the responses to PF stimulation declined in older animals expressing expanded ATXN1. Optical imaging and FP recordings were again used to examine the efficacy of PF-PC synaptic transmission in 40-week-old mice (Fig. 5) , an age at which overt PC pathology is evident in ATXN1[82Q] Cd mice (Zu et al., 2004) . Both the low-and highfrequency PF-evoked optical responses were significantly reduced in 40-weekold ATXN1 [82Q] Cd mice compared with 40-week-old control animals ( Fig. 5D ) and all 12-week-old animals (compare Figs. 5D, 4 D) . This decline occurred after 28 weeks of age, as additional experiments in both 20-and 28-week-old animals showed no change in the intensity of the PF-mediated optical response (data not shown) (F (9,87) ϭ 2.15, p ϭ 0.03 for 10 Hz; F (9,68) ϭ 4.00, p ϭ 0.0004 for 100 Hz; Bonferroni post hoc test; adjusted ␣ ϭ 0.005, p Ͻ 0.005 for comparisons between ATXN1[82Q] Cd mice and other genotypes).
The reduction in the optical response to PF stimulation in ATXN1[82Q] Cd mice was corroborated in the FP recordings (Fig. 5C, red arrow) , as the postsynaptic P 2 -N 2 component decreased significantly (F (7,202) ϭ 4.00, p ϭ 0.0004, Bonferroni post hoc test; adjusted ␣ ϭ 0.006, p Ͻ 0.006) (Fig. 5E) . Importantly, the presynaptic P 1 -N 1 component showed no change in ATXN1[82Q] Cd mice (F (7, 202) ϭ 0.32, p ϭ 0.95) (Fig. 5E ), implying that there was no change in PF excitability. In both control lines, there were no significant differences in either the presynaptic or postsynaptic components between 12 and 40 weeks (Bonferroni post hoc test, p Ͼ 0.006 for both P 1 -N 1 and P 2 -N 2 ) (Fig.  5E) . These results indicate a specific loss of PC activation in aged ATXN1[82Q] Cd mice, while the PF response was unaltered. and initiation of expression within a week following the removal of doxycycline (Fig. 6A) .
CF-PC morphology is normal when ATXN1[82Q] is not expressed during cerebellar development
Using 17-week-old WT/FVB and ATXN1[30Q] mice as controls, molecular layer thickness and CF terminal placement were examined to determine whether the pathological and morphological abnormalities observed in 12-week-old ATXN1[82Q] animals ( Fig.  1) were prevented in the 5-week-gene-off-12-week-gene-on mice.
Sagittal cerebellar sections immunofluorescently colabeled for calbindin and VGLUT2 demonstrated proper alignment of PC somata and complex dendritic arborization in normal 17-week-old WT/FVB and control ATXN1[30Q] mice, as well as discrete CF terminal puncta properly contacting primary and secondary PC dendrites (Fig. 6B) . Sections taken from 12-week-gene-on ATXN1[82Q] Cd mice, however, revealed a thinned molecular layer and incomplete CF terminal translocation, similar to those found in constitutively expressing 12-week-old ATXN1[82Q] mice (compare Figs. 6 B, 1A) . In the ATXN1[82Q] Cd gene-off-gene-on mice, PC dendritic arborization, molecular layer thickness, and CF translocation were similar to levels in 17-week-old ATXN1[30Q] animals (Fig.  6 B) (Fig. 6C) . Translocation of CF terminals was most depressed in 12-weekold ATXN1[82Q] Cd mice, while translocation was normal in gene-off-gene-on animals (Fig. 6 D) (F (3,8) 
CF-PC synaptic transmission improves when ATXN1[82Q] is not expressed during cerebellar development
We examined the integrity of the CF-PC and PF-PC circuits using flavoprotein autofluorescence optical imaging and FP recordings in gene-off-gene-on animals. In 17-week-old WT/FVB and ATXN1[30Q] mice, CIO stimulation evoked parasagittal bands of optical activity similar to those found in 12-week-old animals. Conversely, bands of lower amplitude were elicited in 12-week-gene-on ATXN1[82Q] Cd mice (compare Figs. 2 A, 7A) . When the transgene was kept off during development, though, the optical response to CIO stimulation improved ( Fig. 7A ; compare 12-week-old ATXN1[82Q] Cd and 5-week-gene-off-12-week-gene-on mice). Improvement was also evident in the time course of the optical response (Fig. 7B) . The FPs confirmed the increased CF activation of PCs, as the responses from gene-off-gene-on animals were virtually indistinguishable from control ATXN1[30Q] mice (Fig. 7C) . Quantification of both the optical response (F (3,14) ϭ 22.03, p Ͻ 0.0001, Bonferroni post hoc test; p Ͻ 0.0001 for gene-off-gene-on vs 12-week-gene-on mice) (Fig. 7D) and CF-N 1 demonstrated increased CF-PC synaptic transmission in the 5-week-gene-off-12-week-gene-on ATXN1 [82Q] Cd animals compared with the 12-week-old ATXN1[82Q] Cd mice (F (3,14) ϭ 9.84, p ϭ 0.0009, Bonferroni post hoc test; p Ͻ 0.0001 for gene-off-gene-on vs 12-week-gene-on mice) (Fig. 7E) . The lesion data established similar electrode placement in the CIO for all animals in which the CIO was stimulated (data not shown).
In these animals, we confirmed that the responses to PF stimulation remained unaltered. By both optical imaging and FP recordings, PF-mediated synaptic transmission was indistinguishable both qualitatively and quantitatively between all 12-and 17-week-old mice and gene-off-gene-on animals (F (3,24) ϭ 0.17, p ϭ 0.92 for 10 Hz flavoprotein autofluorescence; F (8,186) ϭ 0.25, p ϭ 0.98 for P 1 -N 1 ; F (8,186) ϭ 0.51, p ϭ 0.85 for P 2 -N 2 ) (data not shown). Together, these results show that the CF-PC synapse was selectively altered by ATXN1[82Q] early in the disease process, and that early postnatal cerebellar development is a critically sensitive time period during which mutant ATXN1 interferes with the CF-PC synapse.
Discussion
Using three physiological approaches, this study assessed the functional integrity of the CF-PC and PF-PC circuits in affected and unaffected ATXN1 mice. In both constitutive and conditionally symptomatic ATXN1[82Q] mice (Burright et al., 1995; Zu et al., 2004) , there was a significant reduction in PC activation by CFs following CIO stimulation at 6 weeks of age, an early-stage disease time point, before detectable changes evoked by PF stimulation. A similar reduction in the efficacy of CF-PC synaptic transmission was present at 12 weeks of age, a mid-stage time point in ATXN1[82Q] mice (Clark et al., 1997) . Two aspects of ATXN1[82Q] expression required for disease, entry into the nucleus of PCs (Klement et al., 1998) and expression during postnatal cerebellar development (Serra et al., 2006) , were also necessary for the diminished response to CIO stimulation. Abnormalities in CF activation of PCs were not detected in Atxn1 Ϫ/Ϫ mice that fail to manifest the ataxia and PC pathology seen in ATXN1[82Q]-expressing animals (Matilla et al., 1998) .
In contrast, the imaging and electrophysiological responses to PF stimulation were unaltered at 6 or 12 weeks of age. A decline in PF-PC synaptic transmission does not occur until between 28 and 40 weeks of age, a time at which significant PC pathology occurs (Zu et al., 2004) . Therefore, the reductions in flavoprotein autofluorescence and FP responses provide a pathophysiological and functional correlate to the morphological changes in CF-PC synapses reported here and previously (Duvick et al., 2010) . While we cannot rule out the possibility that more subtle changes in PF-PC synaptic transmission occur earlier than 40 weeks in ATXN1[82Q] mice, as Hourez et al. (2011) showed using a singlecell approach, our data suggest that CF-PC synapses are more vulnerable to the effects of mutant ATXN1 than PF-PC synapses early in the disease process, suggesting that reduced CF-PC synaptic transmission contributes to the onset of motoric abnormalities. It is well established that loss of CF input alters the normal physiology and synaptic plasticity of the cerebellar cortex (Lamarre et al., 1971; Llinás and Volkind, 1973; Ito et al., 1982) , and lesions of the inferior olive produce classical cerebellar motoric deficits (Murphy and O'Leary, 1971; Horn et al., 2010) . Moreover, it is likely that alterations in PF-PC synaptic transmission occur during disease progression and contribute to cerebellar dysfunction. More broadly, these findings demonstrate that a pathogenic protein expressed in a specific population of neurons can cause pronounced dysfunction in a select circuit.
Reconciling results from single-cell and systems-level approaches Using whole-cell patch-clamp recordings along with fluorometric measurements of changes in intracellular Ca 2ϩ and Na ϩ following afferent stimulation, Inoue et al. (2001) reported that the basic electrophysiological and Ca 2ϩ handling properties of ATXN1[82Q] PCs in a cerebellar slice preparation are comparable to PCs from WT/FVB mice. The observation that PC responses to PF stimulation are qualitatively normal is in agreement with our present findings in vivo. In contrast, a recent study using a single-cell approach both in a slice preparation and in vivo demonstrated both reduced intrinsic PC simple spike firing and responses to PF activation in presymptomatic ATXN1[82Q] mice (Hourez et al., 2011) . One potential reason for the discrepancies between the previous studies and this one is the difference in the single-cell versus circuit-level approaches. Although we cannot exclude the possibility that a cohort of PCs responded abnormally to PF input, the aggregate response of several hundred PCs analyzed for any given PF stimulation using our methods did not reveal any substantial alterations in earlysymptomatic ATXN1[82Q] mice. Furthermore, neither of the previous studies systematically examined the activation of PCs by CFs, though the recent report did identify abnormalities in complex spike duration (Hourez et al., 2011) . The present findings, however, report a marked reduction in PC responses to CIO stimulation. Finally, immunofluorescent labeling of CF terminals detected a regression of CF synapses in affected mice in the most distal portion of the dendritic tree of PCs. Interestingly, Inoue et al. (2001) proposed that changes in the cerebellar neuronal circuitry may provide the mechanistic basis for ataxia in ATXN1[82Q] mice, a prediction supported by the present findings.
Nature of the deficiency in CF-PC synaptic transmission in ATXN1[82Q] mice
The paucity of expression in the inferior olive and the PC-specific nature of the transgene leads us to conclude that the underlying insult occurs initially in postsynaptic PCs. However, the results do not rule out an effect on the presynaptic CFs and a presynaptic contribution to the reduction in the response. As shown both in the present and previous studies (Duvick et al., 2010) , CF extension along the more distal PC dendrites is reduced. The evidence suggests that proper PC physiology is needed for normal CF morphology and function. For example, similar to the present results, CFs fail to completely innervate their normal territory if either electrical or AMPA receptor-mediated activity is chronically blocked in adult mice (Kakizawa et al., 2005) and in P/Q-type Ca 2ϩ ␣1A knock-out mice (␣1A Ϫ/Ϫ ) (Jun et al., 1999; Miyazaki et al., 2004 homeostasis are downregulated at early (Lin et al., 2000; Serra et al., 2004) and mid-disease stages (Serra et al., 2004) (Chance, 1965; Budd and Nicholls, 1996; Reinert et al., 2007) . However, the evidence suggests that the deficits are, at least in part, upstream of the Ca 2ϩ response and reflect an abnormality in CF-PC synaptic transmission. First, the electrophysiological recordings demonstrate a postsynaptic deficit in the response to CF input. Second, the PF stimulation results serve as an internal control, showing no discernable abnormalities in general mitochondrial function or PF-PC synaptic transmission in ATXN1[82Q] Cd mice through 28 weeks of age. The results, however, do not rule out a role for changes in Ca 2ϩ homeostasis or alterations downstream of the CF-PC synapse in the pathophysiology of SCA1. The finding that the flavoprotein autofluorescence response to CIO stimulation is reduced in ATXN1[30Q] mice and is not completely restored to control levels in 5-weekoff-12-week-on ATXN1[82Q] Cd animals, while the electrophysiological responses are less affected, suggests transgene overexpression and translocation of either form of ATXN1 into the nucleus may impact other aspects of PC physiology or intracellular signaling.
The reduction in CF-PC synaptic transmission depends on the following two requirements for disease in mice: entrance of ATXN1[82Q] into the nucleus and expression during postnatal cerebellar development. Moreover, loss of Atxn1 had no effect on CF-PC synaptic transmission. Thus, due to the ability of ATXN1 to associate with RNA (Yue et al., 2001 ) and alter transcriptional activity (Lam et al., 2006) , and its potential role in RNA processing (Irwin et al., 2005; Lim et al., 2008; de Chiara et al., 2009) , it is plausible that the functional and morphological deficits are due to alterations in gene expression and/or RNA processing of factors particularly important to the CF-PC synapse. Furthermore, how presynaptic CFs are affected could be explained by such phenomena as the transneuronal action of insulin-like growth factor type I, which plays an important role in the refinement of CF-PC synapses in the developing cerebellum (Kakizawa et al., 2003) . Interestingly, altered insulin-like growth factor type I signaling has been reported in ATXN1[82Q] mice, though how such changes impact PC physiology or cerebellar development in those mice remains unclear (Gatchel et al., 2008) .
Ramifications for other polyglutamine diseases
While neuronal dysfunction is a common theme in the pathophysiology of polygutamine diseases (Tang et al., 2003; Chen et al., 2008; Liu et al., 2009) , how such alterations impact the function of neuronal circuits is largely unknown. Our results suggest that abnormal physiology in specific circuits of effected neurons may provide the substrate for functional alterations. Although an effected neuron may receive multiple inputs, it is possible to preferentially impact a specific type of synapse. In that way, the mutant protein is exerting its toxic effect specifically, rather than indiscriminately altering neuronal physiology. Such changes may thus influence the output of the affected neuronal circuits and result in behavioral abnormalities. For SCA1, the abnormalities at the CF-PC synapse are likely to contribute to disease initiation and motoric deficits, and highlight the importance of identifying factors unique to the CF-PC synapse that contribute to its dysfunction.
